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For the selective isolation of phosphopeptides, immobilized metal ion affinity chromatography (IMAC) has been widely used. [2] [3] [4] [5] We have found that organic phosphates are selectively adsorbed by titanium dioxide (TiO2, titania). 6, 7 The unique chemo-affinity of titania was utilized to construct an organic phosphate analyzer based on column-switching high-performance liquid chromatography (HPLC) using on-line preconcentration on titania. 8 As an alternative to IMAC procedure, we attempted to evaluate the utility of column-switching HPLC for the selective analysis of phosphopeptides using authentic phosphopeptides 
Experimental

Chemicals
Gln-Ile-Ser(p)-Val-Arg (PP1), Ile-Ser(p)-Val-Arg (PP2) and Lys-Gln-Ile-Ser(p)-Val-Arg (PP3) were synthesized by the FMOC solid-phase method using a peptide synthesizer, PS-3 (Rainin Instrument, Phoenix, AR, USA). The obtained products were used without further purification. Alkaline phosphatase (ALP, from calf intestine, 1500 units/88 µl suspension) was obtained from Roche Diagnostics (Mannheim, Germany) and was used after dilution with water to prepare a 43 units/ml solution. Boric acid, LiCl, acetonitrile (Kanto Chemicals, Tokyo, Japan) and trifluoroacetic acid (TFA, Nacalai Tesque, Kyoto, Japan) were used as received. Titania (average particle diameter, 2 µm) was kindly donated by Toho Titanium (Tokyo, Japan). Water was purified on a Milli RO-Milli Q system (Millipore, Bedford, MA, USA).
Apparatus
Column-switching HPLC system. A flow diagram of HPLC with column-switching is shown in Fig. 1 . A titania precolumn, C1 (4.6 mm i.d. × 10 mm), and an anion-exchange analytical column, C2, Asahipak NH2P-50-4E (4.6 mm i.d. × 250 mm; Shodex, Tokyo, Japan) were connected through a six-port valve. The sample loading solvent, S1, was 0.015% TFA and the mobile phase, S2, was 0.05 M borate buffer at pH 8.0, containing 100 mM LiCl.
The system was operated as follows. Initially, the valve was set at the position of "Adsorption" and 0.015% TFA was delivered to the titania precolumn at a flow rate of 0.5 ml/min with pump P1 (Intelligent HPLC pump 880-PU, JASCO, Tokyo, Japan). The sample solution was injected from an injector, I1. Phosphopeptides were adsorbed onto the titania precolumn and others were washed out by a TFA solution. The mobile phase was delivered to the analytical column at a flow rate of 0.5 ml/min with pump P2 (Intelligent HPLC pump 880-PU, JASCO). After 2 min, the valve was changed to the position of "Elution" and phosphopeptides retained on titania were desorved by delivering the mobile phase with a back-flashing mode. Phosphopeptides were separated on the anion-exchange column and detected at 215 nm with detector, D (UV spectrophotometer UVIDEC-100-VI, JASCO). Chromatograms were recorded on an integrator, R (807-IT, JASCO). For direct anion-exchange HPLC without a titania precolumn, sample solution was injected from an injector, I2. 
Reversed-phase HPLC (RP-HPLC).
The RP-HPLC system comprised an Intelligent HPLC pump 880-PU (JASCO), a LiChrospher 100 RP-18e (4.0 mm i.d. × 250 mm; particle size 5 µm) (E. Merck, Darmstadt, Germany) and a UV spectrophotometer UVIDEC-100-VI (215 nm, JASCO). The column was operated at room temperature and eluted by 0.05% TFA in acetonitrile-water (10:90) at a flow rate of 1 ml/min.
Electrospray ionization mass spectrometry (ESI-MS).
A Micromass PLATFORM (JASCO International, Tokyo, Japan) was used and operated in the FIA/ESI-positive ion mode. The carrier was acetonitrile-water (50:50) at a flow rate of 50 µl/min. Corn voltage, capillary voltage and source temperature were 45 V, 3.5 kV and 90˚C, respectively.
ALP reaction of phosphopeptides
To 100 µl of a test solution, 5 µl of 0.05 M borate buffer (pH 8.0) and 10 µl of a 43 units/ml ALP solution were added, and the mixture was incubated at 37˚C for 3 h. The reaction mixture was diluted by 5 volumes of 0.015% TFA, and then a 230 µl aliquot was injected into the HPLC system.
Results and Discussion
Synthesis of phosphopeptides
Phosphopeptide PP1 was designed as a postulated phosphopeptide fragment formed ultimately from a phosphoprotein rabbit muscle phosphorylase a 9 by its tryptic digestion. Phosphopeptides PP2 and PP3 were used as analogues of PP1. These were synthesized according to the FMOC solid-phase strategy using a commercial peptide synthesizer; the reaction yields were 88.9, 84.1, and 39.8% respectively. The chemical structures of those were confirmed by ESI-MS. In the ESI-MS spectra of PP1 (MW 681.7), PP2 (MW 553.6) and PP3 (MW 809.9), MS peaks of m/z 682.5, 554.5 and 810.6 were detected clearly, which were assigned to their pseudo-molecular ion peaks [(M+1) + ], respectively.
Recovery of phosphopeptides
As previously described, 8 titania quantitatively adsorbs phosphate compounds under weakly acidic conditions and desorbs phosphate compounds efficiently under basic conditions at a pH above 8. Therefore, a column-switching HPLC system was constructed, as shown in Fig. 1 .
Recovery tests were carried out using 100 µl of 10 µg/ml PP1, PP2 and PP3 solutions. Typical chromatograms of PP1 are shown in Fig. 2 . Figure 2a indicates the result of the columnswitching HPLC procedure and Fig. 2b is that obtained by the direct injection of PP1 into the analytical column. The recoveries were determined as the peak-areas ratios of the former to the latter, and those of PP1, PP2 and PP3 were 74.3, 79.6, and 82.6% (mean of 2 experiments), respectively. When dephosphorylated derivatives prepared from PP1, PP2 and PP3 by their ALP reaction were analyzed by anionexchange HPLC without a titania precolumn, the products were detected at retention times of 6.3, 6.7, and 6.9 min, respectively, whereas the dephosphopeptides were not detected by the column-switching HPLC. Typical chromatograms of the reaction mixture of PP1 with ALP are shown in Fig. 3 .
The column-switching HPLC system for the analysis of phosphopeptides described here showed satisfactory performance regarding recovery and selectivity, leading to the anticipation that titania is of great value as a chemo-affinity support in a wide variety of bioanalytical fields. Further studies on applications of the column-switching HPLC system for the analysis of phosphorylation sites in phosphoproteins, such as rabbit muscle phosphorylase a and porcine stomach pepsin, will be described in a subsequent report. 10 Fig . 2 Anion-exchange chromatograms of PP1 with (a) and without (b) a titania precolumn. PP1 was dissolved in 0.015% TFA at a 10 µg/ml concentration, and 100 µl aliquot of the solution was injected into the HPLC system. Fig. 3 Anion-exchange chromatograms of the reaction mixture of PP1 with ALP. The PP1 solution (10 µg/100 µl) was treated with ALP as described in the experimental section, and then an aliquot of the reaction mixture, corresponding to 3.3 µg of the product, was injected into the HPLC system with (a) and without (b) a titania precolumn. 
